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1. INTRODUCTION The MIDEX power system was developed at NASA Goddard Space Flight Center as a generic power system, capable of adapting to a number of missions in the range from 250 to 400 Watt orbital average mission load. This design will be used for the EO1 and MAP spacecraft and will be modified for use on the IMAGE spacecraft. In designing the MIDEX power system, the following design goals were emphasized: reduced cost, adaptability to other missions, maximal use of standard off-the-shelf components and integmtion and test (I&T) time with the spacecraft. The design is flexible enough to accommodate multiple solar array segment layouts and multiple battery technologies. Other features of the power system are: the elimination of relays and fuses in favor of solid state, resettable circuit breakers, the reduction of board space with the use of d a c e mount components, and the ease of manufacture resulting from the elimination of the internal box harness.
The power system is a direct energy transfer @ET) topology with the solar array and battery connected directly to the bus. Solar a m y power is controlled by seven digitally switched, nondissipating shunts, one pulse width modulated (PWM) converter and one unswitched segment.
The inner control loop of the P W M converter is closed with analog electronics. However, the system control loop, including the battery charge control, is accomplished digitally. The microprocessor monitors the state of the system, does fault detection and correction, performs the battery charge control calculations, controls the solar array shunts and sends a drive signal to the P W M converter.
RECENT HrSTORY OF POWER SYSTEMS AT GSFC
The power system was modeled and its system response was analyzed in each operating mode-ch of two constant current (CC) modes and one voltagdtemperature NIT)
mode. The analysis was verified by measurements in the lab. The analysis and measurements showed that the solar m y PWM input filter and the softwm control constants have sigmficant influence on the system operating range and system response I
In an effort to address the NASA's god for faster, better, cheaper spacecraf€, the MIDEX spacecrafl architecture emerged. The key features of this spacecraft architecture are the ability to accommodate multiple missions, reduced cost and standardized interfaces [l] . In conjunction with this effort, this modular power system design was developed. The system can be adapted easily to a number of missions in the 250 Watt to 400 Watt load range by adding the appropriate modules. In using this modular, flexible system the expense of non-recdng engineering design work can be avoided and resources can be refocused toward the critical science requirements, rather than the spacecraft infrastructure. This power system is an attempt to meet that challenge.
Historically at Goddad Space Flight Center (GSFC), the power system control loop was closed with analog circuitry.
The MIDEX power system is the first GSFC use of power system control closed in software. The power bus architecture ( Figure 1 ) consists of solar arrays and a battery connected directly to the bus in a Direct Energy Transfer @ET) configuration. There are 7 digitally switched, nondissipating, full shunts, in the form of solid state switches, to do the coarse adjustment in solar array power. Fine adjustments are made with the 2 solar array segments connected to the bus through a pulse width modulated (PWM) converter. As shown in Figure 3 , drive signals for the P W M and for the digital shunts are calculated by the software. Battery charge control is also calculated by the system code. With this partial digitally controlled power system, the ease of adapting the control to various battery and solar array types and sizes is gained, and the control loop compensation can be tuned to Wering load profiles and transients expected. However, a number of challenges are presented with the digital control that are described and addressed here. This paper will describe the MIDEX power system electronics design as applied to the MAP power system, including the battery and solar array.
POWER SYSTEM OF THE MAP SPACECRAFT
The Microwave Anisotropy Probe (MAP) is a NASA science satellite designed to measure temperature gradients in the cosmic background radiation The MAP will use a lunar gravity assist to achieve its orbit around the L2 libration point and will take scans for the length of the 2 year mission
The power requirements for this satellite are 325 Watt-hours from a combination of battery and solar array power during launch, 420W for a maximum of 120 minutes during maneuvers and 400W continuously while in orbit. The major power loads are three reaction wheels (each having 125W peak power, 17W average), which will tum on during the launch sequence and a 150W microwave radiometer which will be operated while the satellite is in orbit Figure 1 .)
The control of this regulator ensures that bus voltage transient and noise specifications are met. These specifications state that bus voltage swings in response to a load change cannot exceed 3V. The maximum expected load change is 150W. Power bus noise is limited to 0.5V peak-to-peak @-p) and common mode noise is constrained to 100mVp-p. Another requirement levied on the power system limits bus voltage fluctuations to less than 0.5Vp-p with 1OWp-p of noise imposed on the bus. This accounts for the maximum expected power variations of the reaction wheels in the L2 orbit. The reaction wheels keep the spacecraft spinning for the instrument to perform its scans. The tm&er of momentum among the reaction wheels produces a sinusoidal oscillation on the power bus that could be expected to reach 10 Watts.
Each of these performance specifications has been modeled for predicted system behavior and measured in the lab with the PSE engineering unit. Table 1 lists the requirements and the corresponding measurements taken with the engineering unit in the lab.
The MAP battery is a 23 Amp-hour nickel hydrogen technology that is connected directly to the power bus. Battery charge control is accomplished with a software algorithm executed in the system processor.
The commanded battery current is calculated in software based on the state of charge (SOC) and the voltagdtemperature (V/r) ratio of the cells. The temperature compensated voltage levels and amp hour integration constants are stored as tables in memory. An overview of the control system operation, including the solar array power regulation and battery charge control is given in the following section. The LVPC delivers the conditioned power to the PSE internal box electronics and provides additional switched and overcurrent protected primary power services for thermal control on the spacecraft. The Circuit breaker function is done autonomously with hardware on the module. A fault detection and correction algorithm in the system code can isolate the fault and reapply power to the other services.
The Backplane connects the modules together and provides tennjnations for the digital signal lines. The power bus conditioning capacitors are also located on the Backplane. The real estate penalty incurred with these large parts is r e d u d by placing them on the Backplane, rather than on an individual card Using multichip ceramic capacitors allows for favorable series resistance and high fkequency impedance.
Simply stated, the microprocessor accomplishes system control by monitoring the battery condition and solar array regulator PWM status and by adjusting control signals to the PWh4 and digital solar array shunts accordingly. The system operates by maintaining a regulated battery current throughout changes in loads. An increased power demand by the loads will result in additional solar array power made available by opening a digital shunt (turning the shunt switch off) or by adjusting the drive signal to the PWM converter. A more detailed description of this operation is presented in the software design section below.
Solar Array Pulse Width Modulator Design-In an effort to reduce the size and cost of the hardware, while also maintaining low output ripple, the solar array pulse width modulator design was analyzed and optimized. Several designs were considered for the input filter compensation network. Among them was a simple, passive network across each filter component, an active filter design in the power stage and a dV/dt network that feeds into the duty cycle of the power switch. Hardware testing and modeling indicated more stability margin with the passive input filter design. Another factor in the design trade was the reduced parts count of the circuit. This p s i v e type of compensation was chosen for the MDEX design for its simplicity and robustness.
Models of the P W M circuit and the power system were developed in order to complement the hadware design and testing. The regulator is a boost topology operated at 125 kHz. The desired battery current is one of the control signals of the control loop which determines the duty cycle (%D) of the P W M converter circuit. This control loop actually consists of two embedded negative feedback loops ( Figure  3 ). The inner loop performs current mode control in the PWM. The outer loop regulates the battery current by comparing the measured current with a computer driven signal.
The feedback transfer functions are chosen such that the low fiequency gain is high and the high fiequency gain is low and rolls off quickly. This w i l l ensure that the system has a fast response time while rejecting additive white noise due to sensors or external sources.
Power System Software Design
In order to make the software cone01 adaptable to other missions, the code was designed to be Figure 3 . The system Testing of the PSE revealed that an appropriately designed input filter has a inajor influence on the stability of the converter. The modeling of the system also supports these test results.
Other tests indicated that signal bandwidth and the algorithm i d to calculate the drive signal to the PWM was critical to system response. By adjusting the various gain and offset constants loaded in the table-driven code, we could fashion a response to load transients appropriate for our system parameters. In other words, by tweaking the gain of one of the expressions, we can influence the system response. Figures 4 and 5 are included as a qualitative examination of the system response with various gain factors. Figure 4 illustrates the system response With the gain of the k t control factor set to 0.5. Figure 5 is the system step response with the control factor gain set to 0.1. The system overcomcts when the gain of this control factor is set too high. The optimal value was found to be 0.1. Both figures illustrate response to a 5 Amp load change imposed at time t=ZOOmsec and to 10 W a t t s of noise imposed continuously. From zero to 25msec, the system exits eclipse and charges the battery. At time t=45Omsec the battery is N l y charged and the microprocessor commands the system to go into battery trickle charge mode. The algorithm used to compute the control signal to the P W M is dependent on the sampled values of battery current, battery voltage, battery temperature and P W M status. P W M status is the percent duty cycle of the switching FET in analog form. The calculated battery state of charge is also used to determine the charge mode of the battery. The algorithm is a proportional controller that will operate on differences between calculated, desird values and meamred values of battery current and voltage.
Challenges Presented by Software Control
Some of the challenges introduced by the software controlled system include the quantization of the analog signals, limited software bandwidth and the sampling delays resulting from the analog to digital converter (AD). The quantization of the analog signals used for the control algorithms caused the P W M drive signal to adjust by discrete levels, thus producing noticeable steps in the signal forming the PWM duty cycle. The effects on the output power bus are miniinal, with no noticeable 4msec ripple seen down to the millivolt level. However, the 4msec update rate is deteated with a spectnun analyzer, so the modulation is present even as it is not readily detectable in the time domain &le improvement for this was to have the software calculate a proportional change in the bus voltage transient rather tbami an absolute commanded change, in order to smooth the variation of values of the commanded drive signal.
Limitations of the !;oftware bandwidth resulted from the microprocessor opeiating system and its scheduled tasks supporting spacecralt telemetry. The effect is a less than optimal computation1 update rate. The processor load, in addition to the delays incurred in the A/D conversion, limit the computation ratc, and thus, slow the system response. The 4 ms cycle tirne did work in the system, although hardware adjustmenits were needed to avoid a violation of the Nyquist criterion for sampling analog signals. During test, it was shown that a slower update rate did cause the system to overshwt following fast transients. Some modifications to the hardware filters and adjustment of the code algorithm have corrected for the slower than desired computation time. Specifically, the analog signal filter bandwidths were increased, so the algorithm would operate on signals with less delay. We found that the reduced bandwidth filters caused the sofiware drive signal to overcorrect to load transients ( Figure 6 ). When the filter bandwidth increaseci, the software could better track the changes in load. Figure 7 shows the higher bandwidth system response to a1 5 Amp step change in load at 20(hnsec. Also included in the model is the 10 Watt spin rate noise imposed on the bus by the MAP reaction wheels. Both high rate constant currenl charge and trickle charge are shown, in addition to voltage mode. With the 10 Watts of spin rate noise imposed on the power bus, the amplitude of the bus voltage is less than :!SmVp-p in the model. When measured with the engineerine; unit, the noise was 30mVp-p. 
CONCLUSIONS
his paper presenis a new generation of satellite power systems that incorporate both analog and digital circuitry for closed loop system control. The generic MIDEX power system design is being tailored to several upcoming space night missions. The design implements a software outer control loop for flexibility and is the first use of a software controlled power system at Goddard Space Flight Center.
The digital control introduces a number of challenges for stability and system response. The hardware and software design is presented and the test results are shown. Future work w i l l include analysis of the stability margins in the various s o h a r e control modes and further characterization of the system code algorithm for sensitivity to gain and bandwidth changes. 
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